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Image: Professor Farnsworth (Futurama)

Good news, everyone!

@59

A

* Final exam will be held on
January 15 at 11:45!

e Lab 7 on runtime stack this

Friday.



Recap

* Revisiting %rip

* Calling Functions
— The Stack
— Passing Control
— Passing Data
— Local Storage

 Register Restrictions



Recap: Calling Functions In Assembly

To call a function in assembly, we must do a few things:

» Pass Control - %rip must be adjusted to execute the callee's instructions,
and then resume the caller’s instructions afterwards.

» Pass Data - we must pass any parameters and receive any return value.

 Manage Memory - we must handle any space needs of the callee on the
stack.

Terminology: caller function calls the callee function.



Recap: Instruction Pointer

* Machine code instructions live In main memory, just like stack and heap data.

* %rip is a register that stores a number (an address) of the next instruction to
execute. It marks our place in the program'’s instructions.

* To advance to the next instruction, special hardware adds the size of the
current instruction in bytes.

* jmp instructions work by adjusting %rip by a specified amount.

00000000PV400570 <loop>:

void loop() { Ox400570 <+0>: bS8 00 00 00 00 mov $0x0,%eax

int 1 = 9; Ox400575 <+5>: eb 03 jmp 0x40057a <loop+10>
while (j_ < 1@@) { 0x400577 <+7>: 83 c0 01 add $0x1,%eax
{44 0x40057a <+10>: 83 f8 63 cmp $0x63,%eax
? 0x40057d <+13>: 73 8 jle 0x400577 <loop+7>
} Ox40057f <+15>: f3 c3 repz retq




Recap: %rsp

« %rsp Is a special register that stores the address of the current "top” of the
stack (the bottom in our diagrams, since the stack grows downwards).

Main Memory

main()

myfunction()

%rsp

Heap
e —

Data
I

Text (code)

0x0



Recap: %rsp

« %rsp Is a special register that stores the address of the current "top” of the
stack (the bottom in our diagrams, since the stack grows downwards).

Main Memory

main()

myfunction()

foo()

%rsp

Heap

Data

Text (code)

0x0



Recap: %rsp

« %rsp Is a special register that stores the address of the current "top” of the
stack (the bottom in our diagrams, since the stack grows downwards).

Main Memory

main()

Key idea: %rsp must
LY point to the same place
before a function iIs called
and after that function
returns, since stack

%rsp

Heap frames go away when a
[ ' . .
Data function finishes.
.
Text (code)

0x0



Recap: push and pop

Instruction Effect Instruction Effect
pushg S |R[%rsp] <« R[%rsp] - 8; popg D |D <« M[R[%rsp]]
M[R[%rsp]] «<— S R[%rsp] <« R[%rsp] + 8;

» The push instruction pushes the data * The pop instruction pops the
at the specified source onto the top of ~ topmost data from the stack and

the stack, adjusting %rsp accordingly. stores it in the specified destination,
adjusting %rsp accordingly.

* Note: this does notremove/clear out
the data! It just increments %rsp to
iIndicate the next push can overwrite
that location.




Recap: Call And Return

The call instruction pushes the address of the instruction immediately following
the call instruction onto the stack and sets %rip to point to the beginning of the
specified function’s instructions.

call Label
call *Operand

The ret instruction pops this instruction address from the stack and stores it in
%rip.

ret

The stored %rip value for a function is called its return address. It is the address
of the instruction at which to resume the function’s execution. (not to be confused
with return value, which is the value returned from a function).

10



Recap: Remembering Where We Leit Oft

E.g. main() calls foo(): Stack

Problem: %rip points to the

next instruction to execute.

To call a function, we must
remember the nextcaller main()
instruction to resume at

after.

Solution: push the next

value of %rip onto the stack.

Then call the function. %rsp | oxFr20

When it is finished, put this
value back into %rip and
continue executing.

%rip | ©x3021




Recap: Remembering Where We Leit Oft

E.g. main() calls foo(): Stack

Problem: %rip points to the

next instruction to execute.

To call a function, we must
remember the nextcaller main()
instruction to resume at

after. 0x3026

Solution: push the next
value of %rip onto the stack.

Then call the function. %rsp | oxFris
When it is finished, put this
value back into %rip and
continue executing.

%rip | ©x3021
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Recap: Remembering Where We Leit Oft

Problem: %rip points to the
next instruction to execute.
To call a function, we must
remember the next caller
Instruction to resume at
after.

Solution: push the next
value of %rip onto the stack.
Then call the function.

When it is finished, put this
value back into %rip and
continue executing.

E.g. main() calls foo():

%rsp

%rip

Oxffo8

0x4058

main()

foo()

Stack

0x3026
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Recap: Remembering Where We Leit Oft

Problem: %rip points to the
next instruction to execute.
To call a function, we must
remember the next caller

instruction to resume at after.

Solution: push the next
value of %rip onto the stack.
Then call the function.

When it is finished, put this
value back into %rip and
continue executing.

E.g. main() calls foo():

%rsp

%rip

Oxff18

0x4058

main()

Stack

0x3026
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Recap: Remembering Where We Leit Oft

E.g. main() calls foo(): Stack

Problem: %rip points to the

next instruction to execute.

To call a function, we must
remember the nextcaller main()
instruction to resume at

after.

Solution: push the next

value of %rip onto the stack.

Then call the function. %rsp | oxFr20

When it is finished, put this
value back into %rip and
continue executing.

%rip | 0x3026




Recap: Parameters and Return

* There are special registers that store
parameters and the return value.

* To call a function, we must put any
parameters we are passing into the
correct registers. (%rdi, %rsi, %rdx,
%rcx, %r8, %r9, in that order)

* Parameters beyond the first 6 are
put on the stack.

* |f the caller expects a return value, It
looks In %rax after the callee
completes.

Registers

%srdi

%hrsi

%rdx

%rcx

%r8

First 6 arguments

%r9

%rax

Return value

Arg 8

Arg 7

Only allocate stack
space when needed

16



Recap: Parameters and Return

int main(int argc, char *argv[]) {

int i1 = 1;
int i2 = 2;
int i3 = 3;
int i4 = 4;

int result = func(&il1l, &i2, &i3, &i4,
il, i2, i3, i4);

}

int func(int *pl, int *p2, int *p3, int *p4,
int v1, int v2, int v3, int v4) {

0x400596 <+71>: callg 606x400546 <func>
0x40059b <+76>: add $0x10,%rsp

main()

%rsi

Oxffe9fc
Oxffeofs8
Oxffeof4

Oxffeofo

Oxffe9e8

Oxffe9eld

»rdi

OxffeofS8

Oxffeofc

stack

%rdx

Oxffeof4

%rcx

AW IN|BK

Oxffeofo

%r8d
1

%rod

%rip

0x400596

y



Correction: Parameters and Return

int main(int argc, char *argv[]) {

int
int
int
int
int

}

int func(int *pl, int *p2, int *p3, int *p4,
int v1, int v2, int v3, int v4) {

il = 1;
i2 = 2;
i3 = 3;
i4 = 4;
result

= func(&i1, &i2, &i3, &i4,

i1, i2, i3, i4);

}

0x40054f <+0>: sub $0x18,%rsp
Ox400553 <+4>: movl  $0x1,0xc(%rsp)
0x40055b <+12>: movl  $0x2,0x8(%rsp)
Ox400563 <+20>: movl  $0x3,0x4(%rsp)

D ADAE LN

21 0Q\ o

mf\\l-l

¢ A (Ynen)

main()

Oxffeofo

Allocate stack space
for local variables
(may allocate more
than needed)!

stack

%rsp

Oxffeofo

%rip

0x400553

18




Recap: Local Storage

 So far, we've often seen local variables stored directly in registers, rather
than on the stack as we'd expect. This is for optimization reasons.

* There are three common reasons that local data must be in memory:
— We've run out of registers
— The ‘& operator is used on it, so we must generate an address for it
— They are arrays or structs (need to use address arithmetic)

19



Recap: Register Restrictions

Caller-Owned (Callee Saved)

 Callee must savethe existing value and
restore It when done.

« Caller can store values and assume they
will be preserved across function calls.

Callee-Owned (Caller Saved)

 Callee does not need to save the existing
value.

* Caller's values could be overwritten by a
callee! The caller may consider saving

values elsewhere before calling functions.

63 31 15 7 0

%rax Yeax |'/.ax [ %al ” Return value

%rbx Yeb |'/.bx [ um ” Callee saved
hrc A |‘/.cx %cl m 4th argument
hrdx hedx %dx %dl 3rd argument
b %es |’/,si m 2nd argument
%rdi %edi |'/.di m 1st argument
%rbp %ebp |‘/,bp [ %bpl ” Callee saved
%rsp %esp |'/,sp ‘ Stack pointer
%8 %r8d |'/.,r8w m 5th argument
%r9 Yrod |'/.r9u [ %rov ]H 6th argument
%r10 Yir10d [e10w  [rrion ]| caller saved

%rt1 Yr11a (11 H Caler saved

%r12 yr124 [ie12s [srizo ]| caties saved

%ri3 %r13d %ri3w Callee saved

hrid %ridd |'/.r14u %r14b ” Callee saved

%ri5 %r15d |'/.r15u | Callee saved

Figure 3.2 Integer registers. The low-order portions of all 16 registers can be accessed
as byte, word (16-bit), double word (32-bit), and quad word (64-bit) quantities.

20



Recap: Caller-Owned Registers

functionl:
push %rbp
push 7%rbx

pop %rbx
pop %rbp
retq

21



Recap: Callee-Owned Registers

main:

push %rile

push %rll

callg functionl
pop %rll

pop 7%rlo

22



Plan for Today

* Arrays
* Structures
* Floating Point

Disclaimer: Slides for this lecture were borrowed from
—~Randal E. Bryant and David R. O'Hallaroni's CMU 15-213 class

24



[.ecture Plan

* Arrays
— One-dimensional
— Multi-dimensional (nested)
— Multi-level

27



Array Allocation

Basic Principle
T A[L];

* Array of data
type T and
length L

« Contiguously
allocated region
of L¥*sizeof(T)
bytes iIn memory

char string[12]; *

int val[5];

double a[3]; &

char *p[3];

X X+ 12

T T 1

X X+ 4 X+ 8 X+ 12 X + 16 X + 20

X x4t8 x4‘-k16 xj-[24
! !
X+ 8 X+ 16 X + 24

28



Array Access

 Basic Principle Reference  Type Value
7T A[ L] ; val[4] int 3
— Array of data type 7and length L val int * X
. val+l int * X+ 4
— Identifier A can be used as a o
ointer to array element 0. Type 7* &val[2] — int X+ 8
P ' val[5] int 27
*(val+l) int 5
val + 1 int * X+ 41
int val[5]; 1 2
X X+ 4 X+ 8 X+ 12 X + 16 X + 20

29



Array Example

Eypeang ot aip_ssgrzion; | 71P-418 e P

yP S ’ 16 20 24 28 32 36
zip_dig cmu = {1,5,2,1,3}; . . . 0 5 1 3 9

zip_dig mit = {0,2,1,3,9}; Zip_dig mit; l i i i i ]

zip dig ku = {3,4,4,5,0}; 36 40 44 48 52 56

zip dig ku; l 3 4 1 4 1 5 1 0 |

56 60 64 68 /2 /6

* Declaration “zip_dig cmu” equivalentto “int cmu[5]"

« Example arrays were allocated in successive 20 byte blocks
—Not guaranteed to happen in general

30



Array Accessing Example

int get digit zip_dig ku;
(zip_dig z, int digit) 16
{
return z[digit];
} # %rdi = z
# %rsi = digit

20

24

28

32

movl (%rdi,%rsi,4), %eax # z[digit]

* Register %rdi contains starting address of array

* Register %rsi contains array index
* Desired digit at %rdi + 4*%rsi

» Use memory reference (%rdi,%rsi,4)

36
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Array Loop Example

void zincr(zip dig z) {
size t 1;

for (i=0; i<ZLEN; i++)
z[1i]++;

# %rdi =

mov 1l
jmp

.L4:

addl
addqg

.L3:

cmpq
jbe
rep;

ret

Z
$0, %eax
.L3

$1, (%rdi,%rax,4)
$1, %rax

$4, %rax
L4

H H HHHHH A

i=20

goto middle
loop:

z[1i]++

i++
middle

i:4

if <=, goto loop

32



Multidimensional (Nested) Arrays

Declaration Array Size

T A[R][C]; - B* C* Kbytes Ale]le]

« 2D array of data type 7

* Frows, Ccolumns Arrangement

* Type 7Telement requires  « Row-Major Ordering

K bytes A[R-1][6]

int A[R][C];
A A A A A A
[0] [e] | [1] [1] [R-1]| o « ¢ |[R-1]
[0] [C-1]] [@] [C-1] [0] [C-1]

4*R*C Bytes

A[@][C-1]

e A[R-1][C-1]

33



Nested Array Example

#define PCOUNT 4 o
zip_dig pgh[PCOUNT] = 2lp_dig {41515 10]6]|1]5|2]1|3]1 7] 1 1
{{1, 5, 2, 0, 6}, pehlals | | | |
{1, 5, 2, 1, 3 }, 76 96 116 136
{1, 5, 2, 1, 7 },
{1, 5, 2, 2, 1 }};

«“zip dig pgh[4]"equivalentto "int pgh[4][5]"
— Variable pgh: array of 4 elements, allocated contiguously
— Each element is an array of 5 int's, allocated contiguously

» "Row-Major"” ordering of all elements in memory

156

34



Nested Array Row Access

Row Vectors
* A[1i] Is array of Celements

* Each element of type 7requires Kbytes
 Starting address: A + /*(C *K)

int A[R][C];

f—— A[Q] ——] —— A[i] —
A A A A
1 | « o« [[01| o o o111~ |11]
[0] [C-1] [0] [C-1]

A A+(i*C*4)

A[R-1]

A

[€]

° [R—l] o o o

A
[R-1]
[C-1]

A+((R-1)*C*4)

35



Nested Array Row Access Code

115(2|10|6] 1|52 1|3|1|5(2|1|7|1|5(2]|2]1

pgh

int *get pgh zip(int index) # %rdi = index

{ leaq (%rdi,%rdi,4),%rax # 5 * index
return pgh[index]; leaqg pgh(,%rax,4),%rax # pgh + (20 * index)
}
Row Vector Machine Code
* pgh[index] Is array of 5 int's » Computes and returns address

e Starting address pgh+20*index  + Compute as
pgh+4*(index+4*index)

36



Nested Array Element Access

Array Elements

 A[i][7j] Is element of type 7, which requires Kbytes
e« Address A + /*(C*K)+ /*K=A+(*C+ )*K

int A[R][C];

j—— A[0] ——] p A[i] > e—— A[R-1] ———

A A A A A
[@] e o o [@] ° ° ) e o o [1] e o o ° ° ° [R—l] e o o [R—l]
[0] [C-1] [3] [€] [C-1]

A A+(i*C*4) ‘ A+((R-1)*C*4)

A+(1i*C*4)+(j*4)



Nested Array Element Access Code

11512(0|611|5|2[1|3|1|5|2[1|7}1]|5]2|2]|1

pgh
int get pgh digit leag (%rdi,%rdi,4), %rax
(int index, int dig) addl %rax, %rsi
{ movl pgh(,%rsi,4), %eax
return pgh[index][dig];

¥

Array Elements
* pghl[index][dig] is int

« Address: pgh + 20*index + 4*dig
= pgh + 4*(5*index + dig)

# 5*index
# 5*index+dig
# M[pgh + 4*(5*index+dig) ]

38



Multi-Level Array Example

zip_dig cmu = { 1, 5, 2, 1, 3 }; * Variable univ denotes array of 3
zip_dig mit = { 0, 2, 1, 3, 9 }; elements
zip_dig ku = {3, 4, 4, 5, @ }; « Each element is a pointer
##define UCOUNT 3 — 8 bytes
. * . _ . . . . !
int *univ[UCOUNT] = {mit, cmu, ku}; . gach pointer points to array of int's
cmu
I - 2 3
univ
16 20 24 28 32 36
160 — 56 S 2 1 3 9
168 —| 16 | |
— 4 4 5 0]
56 60 64 68 72 76

39



Element Access in Multi-Level Array

cmu

int get_univ_digit , L
(size_t index, size t digit) Y ,

{ mit 5 5
return univ[index][digit]; U

} P 3 || 4

salqg $2, %rsi # 4*digit

addg univ(,%rdi,8), %rsi # p = univ[index] + 4*digit

mov 1l (%rsi), %eax # return *p

ret

Computation
* Element access Mem[Mem[univ+8*index]+4*digit]

* Must do two memory reads
— First get pointer to row array
— Then access element within array




Array Element Accesses

Nested array Multi-level array
int get pgh digit int get univ_digit
(size t index, size t digit) (size t index, size t digit)
return pgh[index][digit]; return univ[index][digit];
. < 1 | 5 2 ‘ 1 3
1/5/2/0|6|1|5|2(1|3|1|/5|2|1|7]|1(5|2|2|1 160 :glv/:16 20 = = oz =
P — mi
168—-16?\/ 0] 72 T 1 3 g
ki 36 40 44 48 52 56
76 96 116 136 156 176 —— 56 [ §
3 Z 7 5 0
56 60 64 68 72 76

« Accesses looks similar in C, but address computations very different:
Mem[ pgh+20*index+4*digit|] Mem[Mem[univ+8*index ]+4*digit]

41



N x N Matrix Code

Fixed dimensions

* Know value of N at compile
time

Variable dimensions,
explicit indexing

* Traditional way to implement
dynamic arrays

Variable dimensions,
implicit indexing
* Now supported by gcc

#define N 16
typedef int fix _matrix[N][N];
/* Get element a[i][j] */
int fix_ele(fix matrix a,
size t i, size t j) {
return al[i][j];

}

#define IDX(n, i, j) ((i)*(n)+(3))
/* Get element a[i][j] */
int vec _ele(size t n, int *a,
size t i, size t j) {
return a[IDX(n,i,j)];
}

/* Get element a[i][j] */
int var_ele(size t n, int a[n][n],
size t i, size t j) {
return af[i][j];

}

42



16 x 16 Matrix Access

/* Get element a[i][j] */
int fix _ele(fix matrix a, size t i, size t j) {
return a[i][Jj];

}

# a in %»rdi, 1 in %rsi, j in %rdx

salg $6, %rsi # 64*1
addq %rsi, %rdi # a + 64*1

mov1l (%rdi,%rdx,4), %eax # M[a + 64*i + 4%*%7j]
ret

Array Elements
 Address A + /*(C*K) + /* K
e C=16, K=4

43



n x n Matrix Access

/* Get element a[i][j] */
int var_ele(size t n, int a[n][n], size t i, size t j) {
return a[i][j];

}

# n in %rdi, a in %rsi, 1 in %rdx, j in %rcx
imulg  %rdx, %rdi # n*i

leaq (%rsi,%»rdi,4), %»rax # a + 4*n*i

movl (%rax,srcx,4), %eax # a + 4*n*1 + 4%*j
ret

Array Elements

 Address A + /*(C*K) + /* K

e C=16 K=4

* Must perform integer multiplication

44



Practice 1: Reverse Engineering

#define M ?? # long sum _elem(long i, long j)
#tdefine N ?? # 1 in %rdi, j in %rsi

1 sum_element:

leaq
subq

long P[M][N];
long Q[N][M];

2
3
long sum_elem(long i, long j) 4 addq
{ 5 leaq
return P[i][j] + Q[j]1[i]; © addq
} 7/ movq
8 add
9 ret

What is the value of M and N?

0(,%rdi,8), %rdx
%rdi, %rdx

%rsi, nrdx
(%rsi,%rsi,4), %rax
%Brax, zsrdi
Q(,%rdi,8), %rax
P(,%rdx,8), %rax

sl

do

45



Please download and install the Slido

slido app on all computers you use

What is the value of M and N?

@ start presenting to display the poll results on this slide.

46



Practice 1: Reverse Engineering

#define M ?? # long sum _elem(long i, long j)
#tdefine N ?? # 1 in %rdi, j in %rsi

1 sum_element:

leaq
subq

long P[M][N];
long Q[N][M];

2
3
long sum_elem(long i, long j) 4 addq
{ 5 leaq
return P[i][j] + Q[j]1[i]; © addq
} 7/ movq
8 add
9 ret

What is the value of M and N?
M=5and N=7

0(,%rdi,8), %rdx
%rdi, %rdx

%rsi, %rdx
(%rsi,%rsi,4), %rax
%rax, »rdi
Q(,%rdi,8), %rax
P(,%rdx,8), %rax

Compute 8*1
Compute 7*1

Compute 7*i+]j
Compute 5*j

Compute i+5%*]j

Retrieve M[Q+8* (5*j+1) ]
Add M[P+8* (7*i+j) ]

slido
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[.ecture Plan

e Structures
— Allocation
— Access
— Alignment

48



Structure Representation

struct rec { r
int a[4];
int 1i; a i next
struct rec *next; 0 16 20 28
¥

» Structure represented as block of memory
— Big enough to hold all of the fields

* Fields ordered according to declaration
— Even if another ordering could yield a more compact representation

» Compiler determines overall size + positions of fields
— Machine-level program has no understanding of the structures in the source code



Generating Pointer to Structure Member

struct rec {
int a[4];
int 1i;
struct rec *next;

s

Generating Pointer to Array
Element

e Offset of each structure
member determined at
compile time

« Computeasr + 4*i dx

r r+4*idx

l

a i hext

int *get ap
(struct rec *r, size t idx)

{

return &r->al[idx];

¥

# r in %rdi, idx in %rsi
leaq (%rdi,%rsi,4), %rax
ret

50



Following Linked List

struct rec {

r
int a[4];
int 1i; v l \
struct rec *next; 3 neit
}s; 0 I 16 20 28
void set_val (struct rec *r, int val) { Element i
while (r) {
int 1 = r->i;
r->a[i] = val; Register Value
r = r->next; %rdi r
} J %esi val
.L11: # loop:
movslq 16(%rdi), %rax # 1 = M[r+l16]
mov1l %esi, (%rdi,%rax,4) # M[r+4*i] = val
movq 20(%rdi), %rdi # r = M[r+20]
testqg %rdi, %rdi # Test r
jne .L11 # if !=0 goto loop

51



Practice 2: Reverse Engineering

o
Fill in the blanks by inspecting the assembly S| |d0
code generated by gcc.
struct test { # void st_init(struct test *st)
short *p; # st in %rdi
struct { 1 st_init:
short x; 2 movl 8(%rdi), %eax
short y; 3 movl %eax, 10(%rdi)
} s; 4 leaq 10(%rdi), %rax
struct test *next; 5 movq %rax, (%rdi)
}s 6 movq %rdi, 12(%rdi)
7 ret
void st _init(struct test *st) {
st->s.y = ;
st->p = ; 0 8 10 12 20
st->next = ; p s.X | s.y next




. Please download and install the Slido
slido

app on all computers you use

Fill in the blanks (separate each blank
witha";")

@ start presenting to display the poll results on this slide.
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Practice 2: Reverse Engineering

| 4
Fill in the blanks by inspecting the assembly S| |d0
code generated by gcc.
struct test { # void st_init(struct test *st)
short *p; # st in %rdi
struct { 1 st init:
short x; 2 movl 8(%rdi), %eax Getst->s.x
short y; 3 movl %eax, 10(%rdi) Saveinst->s.y
} s; 4 leaq 10(%rdi), %rax Compute &(st->s.y)
struct test *next; 5 movq %rax, (%rdi) Store in st->p
}; 6 movq %rdi, 12(%rdi) Store st in st->next
7 ret
void st _init(struct test *st) {
st->s.y = st->s.x 5
st->p = &(st->s.y); Q 8 10 12 20
st->next = st ; P > X 1>y A2AS
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Structures & Alignment struct S1 {
char c;
Unaligned Data int 1[2];
double v;
c[ ife] i[1] }*ps
p p+l p+5 p+9 p+17
Aligned Data
* Primitive data type requires K bytes
« Address must be multiple of K
c i[0] i[1] v
p+0 p+4 p+8 p+16 p+24
Multiple of 4 Multiple of 8
Multiple of 8 Multiple of 8

55



Alignment Principles

Aligned Data

* Primitive data type requires K bytes

» Address must be multiple of K

* Required on some machines; advised on x86-64

Motivation for Aligning Data

« Memory accessed by (aligned) chunks of 4 or 8 bytes (system dependent)
— Inefficient to load or store datum that spans quad word boundaries
— Virtual memory trickier when datum spans 2 pages

Compiler
* Inserts gaps In structure to ensure correct alignment of fields
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Specific Cases of Alienment (x86-64)

* 1 byte: char, ...
— no restrictions on address

* 2 bytes: short, ...
— |lowest 1 bit of address must be 02

* 4 bytes: int, float, ...
— lowest 2 bits of address must be 002

* 8 bytes: double, long, char *, ...
— |lowest 3 bits of address must be 0002

* 16 bytes: long double (GCC on Linux)
— lowest 4 bits of address must be 00002
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Satistyving Alienment with Structures

Within structure: struct S1 {
 Must satisfy each element’s alignment requirement char c;
Overall structure placement int i[2];
 Each structure has alignment requirement K double v;
« K = Largest alignment of any element } *p .
. . J
e Initial address & structure length must be multiples of K
Example:
« K= 8, due to doubl e element
C i[0] i[1] v
p+0 p+4 p+8 p+16 p+24
Multiple of 4 Multiple of 8
Multiple of 8 Multiple of 8
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Meeting Overall Alignment Requirement

* For largest alignment requirement K struct S2 {
* Overall structure must be multiple of K ‘.jOUb%e Vs
int i[2];
char c;
}*p;
v i[e] i[1] C
p+0 p+8 p+16 p+24

/

Multiple of K=8



Arrays of Structures

for every element

struct S2 {
double v;
- int i[2];
 Overall structure length multiple of K
| | | char c;
e Satisfy alignment requirement } a[10];
a[o] a[1] al2] o o
a+o a+24 a+48 a+72
v i[e] i[1] C
a+32 a+40 a+48

a+24



Accessing Array Elements struct S3 {

short 1i;
« Compute array offset 12*idx float v;
— sizeof(S3), including alignment spacers short 7j;

« Element 7 is at offset 8 within structure } al1e];

» Assembler gives offset a+8 (resolved during linking)

alo] °c o o a[idx] c o o
a+0 a+12 a+12*idx
i Y J
a+12*idx a+12*1dx+8
short get j(int idx) { # %»rdi = idx
return a[idx].j; leag (%rdi,%rdi,2),%rax # 3*idx

} movzwl a+8(,%rax,4),%eax
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Saving Space

 Put large data types first

struct S4 { struct S5 {
char c; » int 1i;
int 1; char c;
char d; char d;
}ps } *ps

 Effect (K=4)
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Practice 3: Alignment slido

Determine the offset of each field, the total size of the structure, and its
alignment requirement for x86-64.

struct mystruct {

int *a;

float b;

char c;

short d;

float e;
double f;

int g;

char *h;

s
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. Please download and install the Slido
slido

app on all computers you use

What is the total size of the structure
and its alignment requirements

@ start presenting to display the poll results on this slide.
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Practice 3: Alignment slido

Determine the offset of each field, the total size of the structure, and its
alignment requirement for x86-64.

struct mystruct { Field *a b ¢ d e f g *h Total Alignment

: .
int *a; Size 8 4 1 2 4 8 4 8
float b; 48 8
char C, Offset 0 8 12 14 16 24 32 40 No extra padding needed
short d; to satisfy alignment

) requirement

float e; R d struct b rod |
double f; earranged structure with minimum wasted space:
int g; Fleld *a £ h b e g d ¢ Total Alignment
char *h; Size 8 8 8 4 4 4 2 1

¥ 40 8

Offset 0 8 16 24 28 32 36 38 .
1 bytes padded to satisfy

alignment requirement -



[.ecture Plan

* Floating Point
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Background

 History
— x87 FP
 Legacy, very ugly
— Streaming SIMD Extensions (SSE) FP

« SIMD: single instruction, multiple data
» Special case use of vector instructions

— AVX FP
* Newest version
« Similar to SSE
* Documented in book
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Programming with SSE3

XMM Registers

16 total, each 16 bytes

16 single-byte integers

= 8 16-bit integers

4 32-bit integers

= 4 single-precision floats

= 2 double-precision floats

= 1single-precision float

1 double-precision float
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Scalar & SIMD Operations

addss %xmm@, %xmml

e Scalar o
: 6XMmo
Operations: pY
Single /@\'
Precision Umm
addps 7%xmm@, %xmml
e SIMD %Xmmo
Operations: N > > >
Single SN SN CVED O\
Precision %xmm1
addsd 7%xmm@, %xmml
e Scalar Y
Operations: N
Double /@\

Precision %xmml o




IFP Basics

» Arguments passed In %xmm@, %xmml, ..
» Result returned In %xmmo

 All XMM registers caller-saved

float fadd(float x, float y) { # x in %»xmm@, y in %xmml
return x + y; addss  %xmml, 7%XxXmmo

} ret

double dadd(double x, double y) { # X in %xmm@, y in %xmml
return x + y; addsd  %xmml, 7%xmmo

} ret



FP Memory Referencing

* Integer (and pointer) arguments passed In regular registers
* FP values passed in XMM registers

* Different mov instructions to move between XMM registers, and
between memory and XMM registers

double dincr(double *p, double v) # p in %rdi, v in %xmmo

{ movapd %xmm@, %xmml # Copy Vv
double x = *p; movsd (%rdi), %xmm@ # Xx = *p
*P = X + V; addsd  %xmm@, %xmml # t = X + v
return Xx; movsd  %xmml, (%rdi) # *p =t

} ret
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Other Aspects of FP Code

* Lots of instructions
— Different operations, different formats, ...

 Floating-point comparisons

— Instructions ucomiss and ucomisd
— Set condition codes CF, ZF, and PF

 Using constant values
— Set XMMO register to 0 with instruction xorpd %xmm@, %xmmo
— Others loaded from memory
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Recap

* Arrays
* Structures
* Floating Point

That's it for assembly!
Next time: security vuilnerabilities
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